We have initiated a genetic analysis of the zebrafish visual system to identify novel molecules involved in vertebrate retinal function. Zebrafish are highly visual; they have four types of cones as well as rod photoreceptors, making it possible to study both rod and cone-mediated visual responses. To identify visual mutants, optokinetic responses of mutagenized larvae are measured in a three-generation screen for recessive mutations. By measuring visual behavior our genetic screen has been targeted towards identifying mutants that do not have gross morphological abnormalities. The electroretinogram (ERG) of optokinetic-defective mutants is recorded and their retinas are examined histologically to localize defects to the retina. In this report, we summarize our screening results and ERG and histological analyses of the five morphologically normal mutants we have analyzed to date. Additionally, the more detailed characterization of a red-blind mutant that we have isolated is summarized. Our results indicate that mutants with defects in various processes such as photoreceptor synaptic transmission, photoreceptor adaptation and cell-type specific survival and/or function can be identified using this approach.
An experimental approach that has only recently been used to dissect vertebrate retinal function and development involves the use of genetic screens. The usefulness of a genetic approach for studying neurogenesis and neuronal function in the eye has been demonstrated by nearly 30 years of genetic studies on the visual system of an invertebrate, Drosophila [1, 2] . Visual system mutants identified through genetic screens using this organism have helped define fundamental principles underlying the development and function of the Drosophila eye. However, vertebrate and invertebrate vision are fundamentally different so the genetic studies done with Drosophila are not directly applicable to the vertebrate visual system. For example, an increase in illumination elicits hyperpolarization of vertebrate photoreceptors but it depolarizes invertebrate photoreceptors [3] . In addition to differences in phototransduction, the types of cells involved in image processing and the overall morphology of the eyes differ substantially between vertebrates and invertebrates.
Because of these significant differences, we are developing a genetic approach to understanding a model vertebrate visual system. We have chosen to use zebrafish (Danio rerio) for these studies because they are small and easy and inexpensive to maintain in large numbers. Furthermore, they mate with high efficiency, produce large broods and have a robust visual response. Another advantage of zebrafish is that the embryos are transparent and develop very rapidly outside of the mother. Some 4 days post-fertilization (dpf), zebrafish larvae begin to swim and exhibit vision-dependent behavior [4] . Furthermore, during the last few years, methods to induce a high frequency of mutations in zebrafish have been established and techniques for growing large numbers of fish have been optimized [5] [6] [7] [8] . These procedures have enabled two groups to successfully conduct large-scale three-generation genetic screens for recessive mutations that cause visible morphological abnormalities early in the development of the zebrafish [9, 10] . Finally, genetic linkage maps in zebrafish are now available so mutant genes can potentially be isolated by positional cloning [11] [12] [13] .
Another reason for choosing zebrafish to identify retinal mutants, is that zebrafish have a sophisticated visual system. In contrast to mice, which have a roddominated retina and poor color vision (mice only have two types of cones; [14] ), zebrafish are tetrachromatic, having four types of cones with absorption maxima extending from 360-570 nm ( [15] ). Zebrafish also possess rod photoreceptor cells so both scotopic and photopic vision can be analyzed in this organism [16] . In adults, the cones are arranged in a row mosaic [17] [15] . Red-and green-sensitive cones alternate in sequence and are separated by either a single blue cone (always adjacent to a red-sensitive cone) or a single UV cone (always adjacent to a green-sensitive cone). Furthermore, early eye morphogenesis and the development of the visual system is similar to that of other vertebrates [18] . Information obtained from a genetic analysis of the zebrafish visual system should be applicable to other vertebrates. Thus, in zebrafish, rod-and cone-mediated visual behavior, color vision and mosaic formation can be analyzed.
We first tested two vision-dependent behaviors of zebrafish larvae, the optokinetic response (OKR) and phototactic behavior, to determine which behavior would be most useful in a genetic screen [19] . By measuring visual behavior we set out to identify mutants that had subtle defects in visual abilities but were otherwise normal. Two criteria for a useful screen were considered important. The assay must be rapid, so that reasonable numbers of fish can be analyzed, and also almost all wild-type zebrafish must exhibit a robust, easily identifiable positive response. Although zebrafish show a positive response in both assays, only optokinetic responses are reliably and rapidly detected in almost all fish examined. Including the time spent arranging fish, only 1 min is required to analyze optokinetic responses in each fish. Furthermore, \ 95% of wild-type fish show a positive response by 5 dpf. Thus, we have been using this assay to measure the visual abilities of larvae in a three-generation screen for ethylnitrosourea-induced recessive mutations in the visual system and we have isolated several mutants (see below). The initial screening was conducted in collaboration with Dr Wolfgang Driever's group at the Massachusetts General Hospital in Boston, as part of their large-scale screen for morphological mutants [19] . We then continued the screen for visual system mutants at Harvard [20] . Currently, we are also screening for visual mutants at the University of Washington.
Optokinetic responses (eye movements) are measured by placing 10-20 5-7 dpf mutagenized third-generation larvae in a Petri dish containing a methyl cellulose solution to partially immobilize the fish. Larvae kept in methyl cellulose for more than 1 h continue to develop normally when returned to fish water. Larvae are arranged for optimal viewing in the methyl cellulose using a dissecting needle. The dish is placed in the center of a microscope stage to which a circular drum is mounted. The drum has black and white vertical stripes (20 deg/cycle) on the inside and is turned by a belt attached to an adjacent motor (6 rpm). For each larva, the drum is rotated in two directions and the eye movements are analyzed by watching the larva through the microscope. Normal larvae show a definitive optokinetic response consisting of smooth pursuit eye movements followed by rapid saccades in the opposite direction. The eye movements are instantly reversed when the direction of the rotating stripes is changed. A response is considered positive if a single smooth pursuit and saccade eye movement in the proper direction is observed after starting drum rotation in each direction.
To date, we have screened approximately 500 genomes for recessive mutations affecting the visual system. We have identified nine potential mutants that are morphologically normal but have abnormal optokinetic responses. No defects in the brain, eye or other organs can be detected in these morphologically normal optokinetic-defective mutants by examination under a high-powered dissecting microscope. Although the mutants appear morphologically normal, curiously, they all display abnormal light-dependent regulation of melanophore size. For example, 'no optokinetic response a', noa, when raised in ambient light, has expanded melanophores compared with its optokinetic-normal siblings. In contrast, the mutant 'partial optokinetic response b', pob, appears lighter than its normal siblings when raised under ambient light. Whether these phenotypes are due to the retinal defects we detect in these mutants (see below), or whether the pineal is also defective in these mutants is unknown and we are currently investigating this in more detail.
Since our optokinetic-defective mutant larvae may have a lesion at any number of loci, we record the electroretinogram (ERG) to localize defects to the outer retina (for details on the vertebrate ERG see [21] ). Histological analyses of the eyes of mutants with abnormal optokinetic responses are also conducted to determine if visible structural defects in the eye are apparent. We have analyzed the ERG and retinal histology of 5/9 mutants and four of these appear to have defects in the outer retina. A summary of the retinal morphology using the light microscope and ERG phenotype is presented in Table 1 . Although neither the ERG analysis nor the histological analysis defines the molecular defect in these mutants, these data suggest that we have identified a wide variety of mutants with defects in processes as diverse as photoreceptor adaptation (no optokinetic response b, nrb), photoreceptor synaptic transmission (noa; [19] ) and cell-type specific survival and/or function (pob; [20] ).
In nrb mutants, for example, we have measured the ability of photoreceptors to adapt to changes in illumi- nation by recording the ERG in the presence of background light. In wild-type larvae, the ERG responses with and without dim background light (46 vW/cm 2 ) are similar; the b-wave is reduced only slightly by such background illumination. In contrast, in the nrb mutant with the same background illumination, the b-wave is reduced substantially (Fig. 1) . Qualitatively similar results were seen in eight wild-type and in nine mutant larvae at 5-6 dpf. Other abnormalities in the nrb ERG are also obvious. For example, the a-wave in the mutant ERG is larger than normal and the b-wave is delayed and slightly reduced in amplitude. We think it likely that the primary defect in nrb is in the photoreceptors and we are presently examining photoreceptor function in these mutants.
Since our optokinetic behavioral assay is designed to select mutant larvae that are morphologically normal, these fish tend not to have obvious morphological abnormalities in retinal structure. Two of the four mutants that we know have outer retinal defects, noa and nrb, have normal appearing retinas when 1 vM retinal sections are viewed with a light microscope. The outer nuclear layer of a third mutant, (no optokinetic response c) nrc, appears slightly abnormal when examined under the same conditions (not shown). We are currently defining the structural defect in the retina of this mutant by electron microscopy (Allwardt et al., in preparation). Only one mutant thus far, pob, has a rather obvious structural defect in the retina. This mutant specifically lacks red cone photoreceptors and therefore has a thinner outer nuclear layer than wildtype larvae.
To date, pob is the only color-blind mutant that we have identified. It has an optokinetic response in white light but no response in red light. In this mutant, red cone photoreceptors specifically degenerate between 3.5 and 5 dpf, resulting in a 20% reduction in cell number in the outer nuclear layer [20] . The red cone photoreceptors form and then degenerate by an apoptotic mechanism. When we analyze the mutant and wild-type retinas at 5 dpf for DNA fragmentation, a characteristic of apoptotic nuclei, the mutant has significantly more nuclei with fragmented DNA than the control. Furthermore, as expected if only photoreceptors are degenerating, the increase in apoptotic nuclei is seen only in the photoreceptor layer (Table 2) . Interestingly, the pob mutation is not in the one known gene specific to red cones, red opsin [20] .
In addition to these morphologically normal visual mutants, we and others have identified mutants with gross morphological abnormalities in the eye [24, 25] . These mutants appear at a higher frequency than the behavioral mutants ( 1 morphological mutant/15 F2 families vs 1 behavioral mutant/50 F2 families) and most of these 'small eye' mutants have non-specific retinal degeneration and degeneration in the brain. A subset of the morphological mutants appear to have a cell-type specific degeneration. One mutant, archie, selectively loses most ganglion and some amacrine cells [24] . Several additional mutants lose all photoreceptor cells, whereas the other retinal layers in these mutants do not appear to degenerate. To date, no retinal mutants that appear to have a defect in cell formation (i.e. the mutant lacks a cell-type because it does not form) have been identified, although Malicki and colleagues have isolated a class of mutations that lead to patterning defects within the retina and brain [25] .
In conclusion, over the last few years we have initiated a genetic screen to identify zebrafish mutants primarily with subtle retinal defects. Although this work is still in its infancy, we have clearly demonstrated that it is possible to identify mutants with a variety of retinal defects. The long-term goal is to clone the genes that have been altered in these fish and to study the gene products using molecular and biochemical methods. Linkage maps of the zebrafish genome are available [11] [12] [13] and thus positional cloning should be feasible. Furthermore, a procedure for generating retro- Fig. 1 . Representative ERG responses from 5 dpf nrb and sibling responder larvae. The responder ERG is only reduced slightly by background illumination (middle recording, top), whereas the ERG response of nrb larvae is reduced substantially by the identical procedure (middle recording, bottom). Tha a-wave (a) and b-wave (b) are indicated in the left recording on the top. The procedure for recording ERGs was as described previously ( [20] ) except the fish were not dark-adapted prior to the experiment and the light flash was B 1 msec in duration (Strobe flash at 1/16th power: Canon Speedlite 300 TL). See text for more details. viral-insertion mutants has recently been published [26, 27] , and genetic screens using this approach are in progress. Finally, we hope to learn information about retinal function from characterization of the various mutants. For example, it is unclear whether red cone photoreceptors have unique molecules in addition to red opsin. By isolating RNA that is expressed in wildtype retinas but not in pob retinas we may identify molecules specific to red cones other than red opsin. Apoptotic cells were identified in wild-type (n = 2) and pob (n =2) retinas at 5 dpf using the in situ Apoptosis Detection Kit (Oncor Inc.) and the protocol as described ( [23] ). After staining, larvae were dehydrated with a series of ethanol solutions and embedded in epon-araldite ( [18] ). 5 vm sections were examined using a light microscope and the apoptotic cells/section counted.
